Heme has a fundamental role in biology serving as the prosthetic group for a large range of catalytic proteins including respiratory cytochromes, chemical, drug and steroid metabolism enzymes, catalase, peroxidases and nitric oxide synthases [1] . The ability of heme to bind gases reversibly accounts for its functions in other hemoproteins in transporting oxygen, and as a sensor of O 2, NO and CO [2] . Heme also has many roles in the control of gene expression and cellular metabolism as a signalling molecule modulating the activity of ion channels, transcription factors and kinases [3, 4] , microRNA processing [5] and the N-rule pathway of protein degradation [6] .
The supply of heme is dependent on the availability of 5-aminolevulinic acid (ALA) the first intermediate in the biosynthetic pathway. Nonerythroid ALA synthase (ALAS1) is a key enzyme in liver and other tissues and its synthesis is controlled, in part, via negative feedback of a proposed regulatory heme pool by a variety of mechanisms including inhibition of translocation of the pre-protein into mitochondria, stability of ALAS1 mRNA and repression of ALAS1 gene transcription [1] . Variation in the core ALAS1 promoter may be responsible for tissue specific expression [7, 8] . ALAS1 expression is regulated not only by heme but by a number of regulatory 5'-UTRs responding to cellular messengers including those associated with drug response, nutrition and circadian rhythm [9] [10] [11] [12] [13] .
Inter-individual variation in gene expression of heme metabolism enzymes has potential in modulating heme supply. This could be particularly pertinent to disorders in which heme supply is genetically or chemically disturbed (porphyrias). A difference between the inbred mouse strains in the gene dosage of 5-aminolevulinate dehydratase may contribute to responses to lead poisoning [14] . Although low heme availability can lead to feed-back derepression of ALAS1 transcription it is probably triggered depending on the level of basal expression. Polymorphisms in ALAS1 response to stimuli, such as seen with chemicals and drugs that cause porphyria, might be the reflection of variation in basal expression [15, 16] .
Recently, the exciting potential of non-coding RNAs to regulate cellular functions, including transcription, has become an important paradigm in understanding gene regulation [17] . Stress induces RNA formation from the B2 short interspersed nuclear element (SINE) retrotransposon which has been shown to bind to RNA polymerase II (Pol II) and repress transcription of genes [18, 19] . Retrotransposons may also act in cis regulatory exaptation mechanisms such as mRNA polyadenylation, alternative splicing and in promoter and enhancer activities [20] .
We sought to determine whether variability in the 5'-UTR might account for genetic dependent basal expression of the ALAS1 gene in mice. We observed a marked difference in constitutive liver levels of ALAS1 mRNA between C57BL/6J and DBA/2 inbred mouse lines. A B2 SINE retrotransposon was identified in the promoter region of the DBA/2 ALAS1 gene inhibiting transcription. The introduction of a B2 SINE repeat in ALAS1 promoter contributes to overall polymorphic control of transcription of the gene between the two strains.
Materials and methods
Mice. Young male C57BL/6JOla and DBA/2Ola mice were purchased from Harlan Ltd, Bicester, UK and maintained on RM1 diet. Mice were killed between 10 and 11 am in all studies to avoid any apparent variation between strains due to circadian rhythm.
Hepatocyte isolation. Hepatocytes were isolated from C57BL/6J and DBA/2 mice by collagenase perfusion as described previously [21] and cultured in MEM supplemented with non-essential amino acids (Invitrogen, Paisley, UK), 2mM glutamine and 10mM penicillin/ streptomycin.
Sequencing.
Fragments of approximately 500 nt were amplified using Extensor Hi-Fidelity PCR Master Mix (Thermo Scientific, Epsom, UK), and Peltier Thermal Cycler (Bio-Rad Life Sciences, Hercules, USA), purified using Qiaquick PCR purification columns (Qiagen, Crawley, UK) and sequenced using an Applied Biosystems 3730 sequencer.
Black 6 and DBA promoter cloning. Fragments containing up to ~2000 nt from the 5'-UTR of C57BL/6J and DBA/2 strains were amplified to produce the following constructs:
2MPR (-1229 to +82 nt) using primers MPRF2 and MPRR2; MPRM (-1888 to +82 nt) using primers MPRmiF and MPRR2; MPREx2 (-1229 to + 220 nt) using primers MPRF2 and MPREx2R; DBA222 and BL6 ( -993 to +81 nt) using primers 222F and 222R.
These were cloned into pGL3 Basic vector (Promega). The DBA/222 construct was used for further systematic deletions using primers shown in Table 1 . The identities of the products were checked by sequencing.
Transfections and luciferase assays. 0.5 μg pGL3 clones were transfected into 293 HEK cells using GeneJammer transfection reagent (Stratagene, La Jolla, CA). In addition 0.1 μg pRL-cmv plasmid (Promega) was co-transfected as a control for transfection efficiency.
After 24 hr the luciferase activity produced by both plasmids was assayed using Dual Luciferase Assay Kit (Promega, Southampton, UK). The activity of the test plasmid normalised against the control was used as an indication of the promoter activity.
Transfections were carried out a minimum of 3 times. Phenobarbital was obtained from Statistics. Statistical significance was estimated using the two-tailed Student's t test.
Results and discussion

Polymorphism of ALAS1 mRNA levels.
Initial comparison of the hepatic expression of genes in C57BL/6J and DBA/2 mice for enzymes of nonerythroid heme synthesis using gene microarrays showed the established strain-dependant expression of the ALA dehydratase gene due to gene dosage [14] . In addition, levels of ALAS1 mRNA were significantly less in DBA/2 than in C57BL/6J ( Table   2 ). The strain difference in the level of ALAS1 mRNA between C57BL/6J and DBA/2 mice was confirmed by qRT-PCR. Levels were approximately 5-fold greater in C57BL/6J compared with DBA/2 for whole liver (Fig. 1A) and freshly isolated hepatocytes (Fig. 1B) .
Search for a polymorphism in the 5'-UTR
To find out whether the polymorphic expression could be explained by differences between the strains in the promoter region of the ALAS1 gene, the 5'-UTR sequences ranging from ~2000 nt to the translation initiation codon in exon 2 were amplified from DBA/2 and C57BL/6J genomic DNA and cloned in a luciferase reporter vector which was used to transfect human embryonic kidney 293 cells (Fig. 2A) . The greatest promoter activity detected was in the cells transfected with the 2MPR construct (-1229 to +82 nt) (Fig. 2 B) which contains the ALAS1 core promoter. Neither in HEK 293 cells or HEP 2 cells was the promoter activity of the 2MPR construct significantly sensitive to phenobarbital or TCPOBOP (Fig. 2C) known to up-regulate ALAS1 expression by mechanisms elsewhere in the 5'-UTR [9, 10] . The comparison of the two PCR products for 2MPR from the two strains showed that amplified from DBA/2 was larger by about 200 nt (Fig. 2D) . Sequencing of the 2MPR constructs from the two strains revealed a 210 nt insert at -702 nt in the core promoter of DBA/2.
Two constructs containing the DNA fragment with and without the 210 nt extra-sequence were made to analyse their promoter activity. Comparison of refined constructs of the C57BL/6 region -989 to +81 nt with the DBA/2 equivalent by the luciferase reporter assay showed significantly greater reporter activity of B6 than DBA222 (Fig. 2E) . BLAST analysis of the additional DBA/2 sequence identified it as B2 SINE, the highly common family of repeats [18, 23, 24] that are retrotransposons from RNA polymerase III-driven genes [25] . This data demonstrated that the presence of the transposable element in the DBA/2 core promoter inhibited transcription and suggested that the B2 SINE in the 5'-UTR of DBA/2 might contribute to polymorphisms in ALAS1 expression.
Systematic analysis of DBA/2 B2 SINE sequence
Studies by Espinoza et al. [26] of mouse B2 SINE RNA induced after heat shock have shown that it can act in trans by binding to Pol II and disrupting assembly of pre-initiation complexes at promoter regions. Prediction of the secondary structure of this B2 SINE 178-mer non-coding RNA showed two duplex regions with 5' and 3' single stranded loops.
Comparison of two deletion mutants suggested that both the consensus duplex regions were required for inhibitory activity whereas the single stranded tail regions were not. However, the 210 nt found in the DBA/2 promoter contains additional nucleotides at the 3' end (-CCCAGAG-) with low homology to B2 SINE and therefore the predicted secondary structure (RNAfold web server, http://rna.tbi.univie.ac.at/) of the whole insert differs from that suggested earlier, although similar in the presence of a 3' half loop ( Fig. 3 A and B) .
To test if the additional small sequence modulates the inhibitory effect of the entire transposon and to examine the importance of specific regions of the ALAS1 B2 SINE repeat, we constructed a panel of 10 deletion mutants (ranging from 22-70 nt deleted) across the 210 nt sequence in the DBA construct (Fig. 3C) , which encompassed both single stranded loops and duplex stem regions. Comparison of the promoter activity of these constructs in situ in a cellular system showed that the whole of the 2B SINE is necessary to inhibit transcription (Fig. 3D) , in contrast to studies using extracellular 2B SINE RNA and Pol II [26, 27] .
Why does only the full length DBA/2 B2 SINE element have an effect?
An ability of a transposon to modulate gene expression via the mechanism of binding transcription factors was suggested for the B1 SINE in a study which compared a canonical repeat with a B1 containing proximal binding sites for the transcription factor Slug and the carcinogen-activated dioxin receptor xenobiotic responsive element (XRE) [28] . We analyzed the additional sequence of the transposon present in DBA strain by MatInspector (http://www.genomatix.de/ ) and identified 71 putative binding sites for transcription factors and other regulatory proteins, including those which are known to repress gene expression.
However, the transposon analysed here does not act in this manner since deletion of any fragment (from sizes of ~20 nt to~70 nt) throughout the repeat abolished its repression effect on the reporter gene expression.
As the complete sequence of the 210 nt is required to inhibit the expression of reporter our findings support the mechanism of inhibition whereby B2 SINE RNA binds to Pol II and represses transcript synthesis [26] . Although the regions of B2 SINE identified as critical for Pol II binding were reported the mechanism of inhibition has not been completely clarified [26, 27, 29] and the repeat was analysed out of context of the actual genomic sequence. In our experiments the transposon was the part of the ~1000 nt promoter construct and was analysed in an intracellular system with the flanking sequences present. The fact that the entire sequence is required for transcription repression emphasises the complexity of the regulatory event by 2B SINE non-coding RNA. The stability of the complex is also probably important for an inhibitory effect on transcription.
Conclusions
In summary, we have identified a distinct difference between inbred C57BL/6J and DBA/2 mice in hepatic mRNA levels of the gene for ALAS1, the main rate-controlling enzyme in nonerythroid heme synthesis. A polymorphism in the 5'-UTR consisting of a B2 SINE retrotransposon in the DBA/2 ALAS1 gene caused a marked reduction of promoter activity in a reporter assay compared to C57BL/6. Systematic deletions across the 210 nt insert had no effect suggesting that the entire sequence was required for an inhibitory effect. These findings show that in mice the presence of the B2 SINE can introduce polymorphism in transcription of a gene. In the case of the ALAS1 this contributes to strain differences in the complex regulation of expression with a possible consequence for resistance or susceptibility to porphyria. MPRmiF  CGCGCTCGAGCGATTGCAGGCGGGC  MPRR2  CGCGGAAGCTCTGCGCGGGCTCTCGA  MPRF2  CGCGCTCGAGGCTTGCTTCAGTTGCTCGC  MPREx2R  CGCGAAGCT CGGCGAACGACAGTCTCC  222F2  ACGCGTACGTACCAAAGTTGGAGGCCA  222R1  GCTAGCTGCGCGGGCTCTCGACGAAG  70AF2  CCGGGAATTCCAGCAACCACATGGTG  70AR2  CCGGGAATTCGCTCTGGGTTTTATTTTGAGAC  70BF2  CCGGGAATTCGAAGACAGCTACAGTGTACTTACA  70BR2  GGCCGAATTCCTGGGATTTGAACTCCG  70CF2  CCGGGAATTCAATAACTTATAGCTGTTC  70CR2  CGCGGAATTCGTCTTCAGACACTCCAGAAG  26AF  GCGCGAATTCTAAGAGCACCCGACTGC  26CF  CCGGGAATTCACATGGTGGCTCACAACC  26CR  CGCGGAATTCTTTGGAAGAGCAGTCGGG  26DF  CGCGGAATTCGAGATCTGACTCCCTCTTCTGG  26DR  CGCGGAATTCGGTTGCTGGGATTTGAAC  27ER  CCGGGAATTCGTTACAGATGGTTGTGAGCCAC  31GF  GGCCGAATTCCATTAAAAAAAAAACCCAGAGC  31GR  CCGGGAATTCGTAAGTACACTGTAGCTGTCTTCAGAC  21HR CCGGGAATTCGTTTTATTATTATTATTATTTATTTATTATATG TAAG ALAS1 expression in DBA/2 levels was significantly lower than in C57BL/6J (p<0.05). (E) Activity of the promoter constructs of the C57BL/6 region -989 to +81 nt compared with the DBA/2 equivalent in the luciferase reporter assay. 
